Abstract-In traditional beamforming radar systems, the transmitting antennas send coherent waveforms which form a highly focused beam. In the MIMO radar system, the transmitter sends noncoherent (possibly orthogonal) broad (possibly omnidirectional) waveforms. These waveforms can be extracted by a matched filterbank at the receiver. The extracted signals can be used to obtain more diversity or improve the clutter resolution.
I. INTRODUCTION Recently, the concept of MIMO radars has drawn considerable attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . MIMO radars emit orthogonal waveforms [1] [2] [3] [4] [5] [6] [7] or noncoherent [8] [9] [10] waveforms instead of transmitting coherent waveforms which form a focused beam in the traditional transmit beamforming. In the MIMO radar receiver, a matched filterbank is used to extract the orthogonal waveform components. There are two major advantages of the system. First, increased spatial diversity can be obtained [3] . The orthogonal components are transmitted from different antennas. If these antennas are far enough from each other, the target radar cross sections (RCS) for different transmitting paths will become independent random variables. Thus each orthogonal waveform carries independent information about the target. This spatial diversity can be utilized to perform better detection [3] . Second, the phase differences caused by different transmitting antennas along with the phase differences caused by different receiving antennas can form a new virtual array steering vector. With judiciously designed antenna positions, one can create a very long, critically sampled, array steering vector at a small number of antennas. Thus the clutter resolution can be dramatically increased [1] , [2] with a small cost. In this paper, we focus on this second advantage.
Adaptive techniques for processing the data from airborne antenna arrays are called space-time adaptive processing (STAP) techniques. The basic theory of STAP for the traditional SIMO radar has been well developed [18] , [19] . There have been many algorithms proposed for improving the complexity and convergence of the STAP in the SIMO radar [18] , [19] . With a slight modification, these methods can also be applied to the MIMO radar case. The MIMO extension to STAP can be found in [2] . However, in the MIMO radar, the space-time adaptive processing (STAP) becomes even more challenging because of the extra dimension created by the orthogonal waveforms. On the one hand, the 'Work supported in parts by the ONR grant N00014-06-1-0011, and the California Institute of Technology. extra dimension increases the rank of the jammer and clutter subspace, especially the jammer subspace. This makes the STAP more complex. On the other hand, the extra degreeof-freedom created by the MIMO radar allows us to filter out more clutter subspace without affecting the SINR much. In this paper, we explore the clutter subspace and its rank in MIMO radar. The clutter rank in MIMO radar is estimated by a proposed rule. This can be viewed as an extension of Brennan's rule. Using the geometry of the MIMO radar and the prolate spheroidal wave functions (PSWF), a method for computing the clutter subspace is developed. The numerical example shows that under ideal condition (without ICM and array misalignment) the proposed clutter subspace estimation method is very accurate.
The rest of the paper is organized as follows. In Section II, the concept of MIMO radar will be briefly reviewed. In Section III, we formulate the STAP approach for MIMO radar. In Section IV, we explore the clutter subspace and its rank in the MIMO radar. Using prolate spheroidal wave function (PSWF), we are able to find a data independent basis for clutter signals. In Section V, we test the proposed clutter subspace estimation method with a numerical example. Finally, Section VI concludes the paper.
Notations. Matrices are denoted by capital letters in boldface (e.g. A). Vectors are denoted by lowercase letters in boldface (e.g. x). Superscript t denotes transpose conjugation. The notation Fal is defined as the smallest integer larger than a.
II. REVIEW OF THE MIMO RADAR
In this section, we briefly review the MIMO radar idea. More detailed reviews can be found in [1] , [2] , [4] We will focus on using MIMO radar to increase the degree-of-freedom. Fig. 1 a degree-of-freedom NM can be obtained with only N + M physical array elements. One can view the antenna array as a way to sample the electromagnetic wave in the spatial domain. The MIMO radar idea allows "sampling" in both transmitter and receiver and creates a total of NM "samples". Taking advantage of these extra samples in spatial domain, a better clutter resolution can be obtained.
III. STAP IN MIMO RADAR In this section, we formulate the STAP problem in MIMO radar. The MIMO extension for STAP first appeared in [2] . We will focus on the idea of using extra degree-of-freedom to increase the spatial resolution. A. Signal Model [18] . The phase differences in the reflected signals are caused by the Doppler shift, the differences of the receiving antenna locations, and the differences of the transmitting antenna locations. In the MIMO radar, the transmitting waveforms Om (T) satisfy orthogonality:
The sufficient statistics can be extracted by a set of matched filterbanks as shown in Fig. 3 (8) However, the covariance matrix R is NML x NML. It is much larger than in the SIMO case because of the extra dimension. The complexity of the inversion of such a large matrix is high. The estimation of such a large covariance matrix also converges slowly. To solve this problem, many partially adaptive techniques can be applied [18] , [19] . These techniques often require estimation of the clutter-plus-jammer subspace or clutter subspace. The clutter subspace and its rank will be explored in the next section.
IV. CLUTTER SUBSPACE OF MIMO RADAR SIGNALS
In this section, we explore the clutter subspace and its rank in the MIMO radar system. The covariance matrix R in Eq.
(7) can be expressed as R = Rt + RC + RJ + H-2I, where Rt is the covariance matrix of the target signal, RC is the covariance matrix of the clutter, RJ is the covariance matrix of the jammer, and u72 is the variance of the white noise. The clutter subspace is defined as the range space of RC and the clutter rank is defined as the rank of R. In the spacetime adaptive processing (STAP), it is well-known that the clutter subspace usually has a small rank. It was first pointed out by Klemm in [13] , that the clutter rank is approximately N + L, where N is the number of receiving antennas and L is the number of pulses in a coherent processing interval (CPI). In [14] , a rule for estimating the clutter rank was proposed.
The estimated rank is approximately N + 3(L-1), where a = 2vTldR. It is called Brennan's rule. This result will now be extended to the MIMO radar.
A. Clutter rank in MIMO radar
We first study the clutter term in Eq. (5) which is expressed One can see that the number of dominant eigenvalues is proportional to the ratio of the total aperture of the space-time virtual array and the wavelength. B. Data independent estimation of the clutter subspace with PSWF The clutter rank can be estimated by using Eq. (12) and the parameters N, M, L, 3 and y. However, the clutter subspace is often estimated by using data samples. In this section, we propose a method which estimates the clutter subspace using the geometry of the problem rather than the received signal. The main advantage of this method is that it is data independent. Therefore the corresponding STAP method converges faster than the data dependent methods. Experiments also show that the estimated subspace is very accurate in the ideal case (without ICM and array misalignment).
The signal in Eq. (11) is time-limited and most of its energy is concentrated on -0.5 < fs < 0.5. To approximate the subspace which contains such signals, we find the basis functions which are time-limited and concentrate their energy on the corresponding bandwidth. Such basis functions are the solutions of the following integral equation [15] One can see that the proposed subspace method (blue) is very accurate. The subspace captures almost all clutter power. Compared to the eigen decomposition method, the subspace obtained by the new method is larger. This is because for some range bins, the clutter looking direction is limited. However, the method has the advantage that it is data independent and can be computed off-line. VI. CONCLUSIONS In this paper, we explored how to capture the clutter subspace and its rank in MIMO radars using the geometry of the system. The rule for estimating the clutter rank was extended to MIMO radars. An algorithm for computing the clutter subspace using nonuniform sampled PSWF was described. The numerical example shows that the proposed clutter subspace estimation method is very accurate. The proposed method can be used in a STAP method. The corresponding result has been submitted [17] .
In this paper, we only consider the ideal case. In fact, the clutter subspace might change because of effects such as the internal clutter motion (ICM) or velocity misalignment [18] . In this case, a better way might be estimating the clutter subspace by using a combination of both the geometry and the received data. This idea will be explored in the future.
